INTRODUCTION {#SEC1}
============

G-quadruplex (G4) DNA is a four-stranded non-canonical structure held together by Hoogsteen base pairs and further stabilized by monovalent cations K^+^ or Na^+^ ([@B1]--[@B3]). Stable G4 structures were found in sub-telomeres, intron-extron splicing junction sites, untranslated regions, gene bodies and gene expression regulatory regions such as promoters ([@B4]). The existence of G4 in living cells has been confirmed using an engineered antibody that can recognize G4 structure with high affinity and specificity ([@B5],[@B6]). Initial computational analyses have revealed that there are \>375 000 G4 motifs in the human genome ([@B7],[@B8]). Recent high-resolution sequencing based method has identified \>2 times higher than the previous prediction ([@B9]), highlighting the importance of G4 in genome integrity. Indeed, G4s have been shown to be implicated in critical cellular processes including initiation of DNA replication at the origin, restart of the collapsed replication fork, DNA recombination and telomere maintenance ([@B10]).

At each cell division in human, 30 000--50 000 DNA replication origins are activated, and it remains unclear how they are selected and recognized by replication factors ([@B11]). The recent advances have shown that G-rich repeated elements are present in 67--90% of the DNA replication origins from *Drosophila* to human cells ([@B12]). More importantly, it appears that it is G4 and its orientation that determine the precise position of the replication start site ([@B13]). These observations raise the question: how G4 influences its downstream duplex DNA unwinding for providing a platform for replicon assembly?

Similarly, the same question may also be raised for G4-induced replication fork stalling and restart of the collapsed replication fork after G4 unfolding. During DNA replication, replicative helicases separate the two strands to form a two-pronged replication fork. The synthesis along the leading-strand template is continuous and that along the lagging strand is discontinuous, leading to the formation of long single-stranded regions termed as Okazaki fragments ([@B14]). If these regions contain G-rich sequences, formation of G4s along the lagging-strand template will slow down replication and increase the likelihood of chromosomal breakage and genomic rearrangement ([@B15],[@B16]). Similarly, G4 may also be formed along the leading-strand template in regions of G-rich single-stranded DNA due to transient discordance between the replicative helicase and leading-strand DNA polymerase ([@B17]). The cell must face the serious problem of handling these obstacles for an ongoing synthesis of lagging or leading strand by unfolding G4 ([@B18]). In this regard, there are at least two fundamental questions: (i) how these G4s are resolved by special helicase? (ii) After unfolding a G4, the helicase immediately meets the downstream duplex DNA, then how the helicase toggles its function or activity from G4 unfolding to duplex unwinding?

Concerning the first question, there are many studies showing that as formation of such stable G4 structures may threaten genomic stability, cells have evolved a special family of helicases to unfold G4 and remove those obstacles. A number of G4-helicases have been identified, illustrated by, but not limited to, RecQ family ([@B19]), Pif1 family DNA helicases ([@B20],[@B21]) and adenosine triphosphate (ATP)-dependent DExH/D family RNA helicases ([@B22]). The *Saccharomyces cerevisiae* Pif1 helicase (Pif1p), has been shown to suppress genome instability at G4 motifs by means of its potent G4 unwinding activity and to keep cells from replication fork impairment, unusual epigenetic silencing and gross chromosomal rearrangement ([@B23]--[@B25]), which were otherwise observed in a Pif1p deficient strain (*Pif1Δ*) ([@B23],[@B26]). We and others have studied the molecular mechanism of Pif1p-mediated G4 unfolding ([@B27],[@B28]) and found that Pif1p unfolds G4 in two large steps, and then halts at the ss/dsDNA junction, followed by rapid reformation of G4 and re-initiation of unfolding by the same monomer ([@B27]). As to the second question, we have previously studied, using stopped-flow method, how the duplex DNA downstream of G4 was unwound by Pif1p helicase and found that G4 greatly stimulates Pif1p-catalyzed duplex DNA unwinding ([@B29]). However, the molecular details about Pif1p toggling between G4 unfolding and duplex DNA unwinding cannot be observed in the bulk assay. Therefore, the molecular mechanism of G4-stimulated duplex DNA unwinding still remains to be revealed.

The various single-molecule techniques developed recently have opened a new window to monitor transient events from individual molecules that are otherwise hidden in ensemble-averaged experiments. By taking this advantage, we further characterized the G4-stimulated duplex DNA unwinding using single-molecule fluorescence resonance energy transfer (smFRET) ([@B30]). Here we have found that, while a partial duplex DNA could be unwound significantly only at high protein concentrations with a remarkable 'waiting time' from protein binding to duplex DNA unwinding, G4 greatly reduces the waiting time and enhances the unwinding fraction. We also found a novel toggling occurs between G4 unfolding and duplex unwinding at a G4/duplex junction, due to Pif1p oligomeric state adjustment. Fluorescence anisotropy studies indicated the 'waiting time' was in fact related to Pif1p dimerization process which is required for duplex DNA unwinding. These observations imply that dimerization may play an important role in regulation of helicase activities in resolving different DNA structures. In addition, G-rich sequence was found to similarly stimulate duplex unwinding as well as folded G4, and we think that both G-rich sequence and folded G4 are responsible for the stimulation of downstream duplex DNA unwinding. Altogether, these new findings may deepen our understanding of the unwinding mechanisms of Pif1p helicase on different DNA substrates and provide insights into the molecular mechanism behind G4-stimulated duplex DNA unwinding by Pif1p.

MATERIALS AND METHODS {#SEC2}
=====================

Buffers {#SEC2-1}
-------

Pif1p reaction buffer contains 5 mM MgCl~2~, 50 mM NaCl in 25 mM Tris--HCl, pH 7.5 with 2 mM dithiothreitol (DTT), unless otherwise specified. For single-molecule measurements, 0.8% D-glucose, 1 mg/ml glucose oxidase (266 600 units/g, Sigma), 0.4 mg/ml catalase (2000--5000 units/mg, Sigma) and 1 mM Trolox were added to the reaction buffer ([@B30]).

DNA constructs {#SEC2-2}
--------------

All oligonucleotides required to make the DNA substrates were purchased from Sangon Biotech (Shanghai, China). Sequences and labeling positions of all the oligonucleotides were listed in Supplementary Table S1. For DNA constructs used in single-molecule measurements, DNA was annealed with 1:3 mixture of the stem and ssDNA or G4 strands by incubating the mixture at 95°C for 5 min, then slowly cooling down to room temperature in about 7 h. The strand without biotin was used in excess to reduce the possibility of having non-annealed strand anchored at the coverslip surface. The concentration of stem strand was 2.5 μM and all annealing were carried out in annealing buffer containing 50 mM NaCl, 25 mM Tris-HCl, pH 7.5, unless otherwise specified.

Protein purification {#SEC2-3}
--------------------

The plasmid encoding yeast Pif1p gene was a gift from Dr Zakian. The protein expression and purification were performed essentially according to Boule and Zakian with minor modifications ([@B31]). Truncated BLM^642-1290^ was expressed and purified as previously described ([@B32]).

Single-molecule fluorescence data acquisition {#SEC2-4}
---------------------------------------------

Single-molecule FRET study was carried out with a home-built objective-type total-internal-reflection microscopy. Cy3 was excited by a 532-nm Sapphire laser (Coherent Inc., USA). An oil immersion objective (100×, N.A.1.49) was used to generate an evanescent field of illumination. Fluorescence signal from Cy3 and Cy5 were split by a dichroic mirror, and finally collected by an electron-multiplying charge-coupled device camera (iXON, Andor Technology, South Windsor, CT, USA). Fluorescence imaging processes were controlled and recorded by MetaMorph (Molecular Device, California). The coverslips (Fisher Scientific, USA) and slides were cleaned thoroughly by a mixture of sulfuric acid and hydrogen peroxide, acetone and sodium ethoxide, then the surfaces of coverslip were coated with a mixture of 99% mPEG (m-PEG-5000, Laysan Bio, Inc.) and 1% of biotin-PEG (biotin-PEG-5000, Laysan Bio, Inc.). Streptavidin (10 μg/ml) in buffer containing 50 mM NaCl, 25 mM Tris--HCl, pH 7.5, were added to the microfluidic chamber made of the polyethylene glycol (PEG) coated coverslip, and incubated for 10 min. After washing, 50 pM DNA were added to the chamber and allowed to be immobilized for 10 min. Then free DNA was removed by washing with the reaction buffer. After that, chamber was filled with the reaction buffer with an oxygen scavenging system (0.8% D-glucose, 1 mg/ml glucose oxidase, 0.4 mg/ml catalase and 1 mM Trolox). Imaging was initiated before Pif1p and ATP was flowed into the chamber. We used an exposure time of 100 ms for all single-molecule measurements at a constant temperature of 22°C. To obtain the fraction of DNA unwinding with time, a series of movies were recorded with 1-s duration at different times, and the acceptor spots were counted to represent the number of remaining DNA molecules.

FRET data analyses {#SEC2-5}
------------------

The FRET efficiency was calculated using *I*~A~/(*I*~D~+*I*~A~), where *I*~D~ and *I*~A~ represent the intensity of donor and acceptor, respectively. The FRET value above 1 is due to background subtraction from very low intensity in the donor channel, giving rise to negative donor intensity. Basic data analysis was carried out by scripts written in Matlab, and all data fitting were generated by Origin 8.0. Histograms were fitted by multi-peak Gaussian distributions, with the peak position unstrained. Waiting time was measured manually from individual FRET traces, and the resulting histograms were fitted with a single-exponential decay. An auto-mated step-finding method (from <http://bio.physics.illinois.edu/HaMMy.asp>) was employed to characterize the association and dissociation of Pif1p in Supplementary Figure S6A, and the time *t*~on~ and *t*~off~ were determined accordingly.

Equilibrium DNA-binding assay with Pif1p {#SEC2-6}
----------------------------------------

Binding of Pif1p to DNA was analyzed by fluorescence polarization assay using Infinite F200 PRO (TECAN) at a constant temperature of 25°C. DNA labeled only with carboxy-fluorescein (FAM) was used in the present study (Supplementary Table S1). Various amounts of protein were added to a 150 μl aliquot of binding buffer (25 mM Tris--HCl, pH 7.5, 50 mM NaCl, 5 mM MgCl~2~ and 2 mM DTT) containing 5 nM DNA. Each sample was allowed to equilibrate in solution for 5 min, after which fluorescence polarization was measured. A second reading was taken after 10 min, in order to ensure that the mixture was well equilibrated. Less than 5% change was observed between the 5- and 10-min measurements, indicating that equilibrium was reached in 5 min. If the binding curve is in sigmoidal shape, the curve is fitted by Hill equation: y = \[Pif1p\]^n^/(*K*~D~^n^+\[Pif1p\]^n^). y is binding fraction, *K*~D~ is the equilibrium dissociation constant and n is Hill coefficient, describing cooperativity. *n* \> 1 indicates more than one Pif1p can bind to one DNA.

Kinetics of Pif1p binding to DNA substrates {#SEC2-7}
-------------------------------------------

Binding of Pif1p to DNA was analyzed by fluorescence polarization assay ([@B33],[@B34]) using Infinite F200 PRO (TECAN). DNA labeled only with FAM was used in this study (Supplementary Table S1). Binding kinetics were measured at a constant temperature of 25°C in a two-syringe mode, where Pif1p helicase was in one syringe while DNA substrate was in another syringe. Each syringe contained buffer of 5 mM MgCl~2~, 50 mM NaCl in 25 mM Tris--HCl, pH 7.5 with 2 mM DTT and the measurement was initiated by rapid mixing. The final concentrations of DNA and Pif1p were 40 and 40--200 nM, respectively. The binding time constant *t~1~* and *t~2~* were obtained by fitting the data with *y* = *y*~0~-*A*~1~exp(-*t/ t~1~*)-*A*~2~exp(-*t/t~2~*) where *t* represents the time, *y* represents the fluorescence anisotropy and *y~0~* is a constant.

Circular dichroism spectropolarimetry {#SEC2-8}
-------------------------------------

Circular dichroism (CD) experiments were performed with a Bio-Logic MOS450/AF-CD optical system (BioLogic Science Instruments, France) equipped with a temperature-controlled cell holder, using a quartz cell with 1-mm path length. A 2.5 μM solution of G-rich DNA or G4 DNA was prepared in 25 mM Tris--HCl, pH 7.5, with different cation. CD spectra were recorded in the UV (220--320 nm) regions in 0.75 nm increments with an averaging time of 2 s at 25°C.

RESULTS {#SEC3}
=======

Pif1p-mediated duplex DNA unwinding is characterized by a *waiting time* {#SEC3-1}
------------------------------------------------------------------------

To understand how G4 stimulates Pif1p-catalyzed duplex DNA unwinding, it is necessary to determine the unwinding properties of Pif1p helicase with a partial duplex DNA alone. In order to use an appropriate labeled partial duplex DNA which allows us to monitor FRET signal without potential influence of inhibitory effect for protein translocation due to dye labeling at ss/dsDNA junction which may stabilize dsDNA ([@B35],[@B36]), we screened a series of partial duplex DNAs labeled at different relative position of Cy3 and Cy5. Finally, the substrate s~47~d~17~, which was labeled with Cy3 at 5′-end of 64 nt-ssDNA and Cy5 at fifth nucleotide from the 3′ terminal of biotinylated-ssDNA, was used for monitoring DNA unwinding (Figure [1A](#F1){ref-type="fig"}).

![G4 structure reduces the waiting time for downstream duplex DNA unwinding by Pif1p. (**A**) Schematic representation of experimental procedures for partial duplex DNA unwinding. (**B**) Representative fluorescence emission and FRET traces for s~47~d~17~ unwinding by 80 nM Pif1p and 2 mM ATP. Upon addition of Pif1p and ATP as indicated by the arrow, FRET signal decreases abruptly, indicating the binding of Pif1p. It then remains at a constant value for ∼25 s and then the Cy3 and Cy5 signals disappear simultaneously as the duplex is separated. The waiting time is defined as the time between Pif1p binding and duplex separation. (**C**) Histogram of the waiting time follows an exponential decay with a time constant of 23.3 s. (**D**) Schematic representation of experimental procedures for G4/ds DNA unwinding. (**E**) Representative fluorescence emission and FRET traces for Pif1p-catalyzed unwinding of s~26~G4d~17~. Upon Pif1p and ATP addition as indicated by the arrow, FRET signal decreases rapidly, then keeps at constant value for ∼12 s, until both Cy3 and Cy5 signals disappear abruptly. (**F**) Histogram of the waiting time follows an exponential decay with a time constant of 12.3 s.](gkw669fig1){#F1}

By inspecting the individual smFRET traces obtained at protein concentration ranges between 2--60 nM, we found that Pif1p switches between binding and dissociate status (Supplementary Figure S1). However, above 80 nM Pif1p, upon addition of 2 mM ATP, smFRET value decreased from 0.5 to 0.2, then lasted for ∼25 s at stable FRET value and suddenly disappeared (Figure [1B](#F1){ref-type="fig"}). The characters of smFRET traces at higher protein concentration can be interpreted as that after forming a stable protein--DNA complex, Pif1p translocates to ss/dsDNA junction, lasts there for ∼25 s and finally separates the two DNA strands, as judged from the simultaneous disappearance of Cy3 and Cy5 signal (Figure [1B](#F1){ref-type="fig"}). We designated the time from initial Pif1p binding to the final duplex unwinding as *waiting time*. The histogram of the *waiting time* can be well fitted by a single exponential decay with a time constant of 23.3 s (Figure [1C](#F1){ref-type="fig"}), indicating that an average waiting time of about 23.3 s was required before a 17-bp duplex DNA was abruptly unwound. Taken together, the above results indicate that a partial duplex DNA was unwound through multiple Pif1p acting in concert and requires a long waiting time to adjust the protein conformation for effective DNA unwinding.

G4 structure significantly reduces the *waiting time* for duplex DNA unwinding {#SEC3-2}
------------------------------------------------------------------------------

Having characterized the unwinding properties of Pif1p for duplex DNA alone, we then set about investigating how G4 structure stimulates the duplex DNA unwinding as we have previously revealed in bulk assays ([@B29]). For this purpose, we designed a DNA substrate which contains a three-layered G4 with a 5′ tail of 26-nt ssDNA and a 3′ tail of 17-bp dsDNA (Figure [1D](#F1){ref-type="fig"}, named s~26~G4d~17~), which mimics an ongoing synthesis of lagging-strand stalled by G4 and is similar to that we used for bulk assays ([@B29]). s~26~G4d~17~ was labeled with Cy3 at the 26th nucleotide from the 5′ end in the G4 strand and with Cy5 at the fifth nucleotide from the 3′ end in the complementary strand. The dyes are spaced in this way so that FRET change between the two fluorophores can report the unfolding of a single G4, and the simultaneous disappearance of Cy3 and Cy5 signals would reflect the escape of the unwound DNA from the coverslip.

smFRET trajectories recorded with s~26~G4d~17~ significantly differed from that obtained with the s~47~d~17~ substrate. After addition of 80 nM Pif1p and 2 mM ATP, the FRET value abruptly dropped to ∼0.4 and then remained in this state for about 10 s before suddenly disappearing completely (Figure [1E](#F1){ref-type="fig"}). This phenomenon was similarly interpreted as above that, upon addition of Pif1p and ATP, Pif1p unfolds G4 immediately, then translocates to the ss/dsDNA junction and waits there for about 10 s, and finally unwinds the duplex DNA abruptly. To confirm the above interpretation, we plotted the FRET distribution before duplex DNA unwinding from 97 traces and by Gaussian fitting, we obtained two peaks at 0.37 and 0.91, respectively (Supplementary Figure S2). These values are quite close to the two peaks at 0.39 and 0.90 in the FRET distribution of G4 under a dilute buffer condition (20 mM NaCl) that correspond to the unfolded (E~FRET~ = 0.39) and completely folded G4 structure (E~FRET~ = 0.90), respectively ([@B27]). This confirms that Pif1p does not immediately unwind the downstream duplex DNA after unfolding G4. We then measured the waiting time for each individual trace and constructed a histogram as shown in Figure [1F](#F1){ref-type="fig"}. The waiting time follows a single exponential decay quite well as we observed before, but with an average time constant of 12.3 s, which was significantly reduced as compared to that determined with the duplex DNA without G4 insertion (s~47~d~17~, Figure [1C](#F1){ref-type="fig"}). The potential possibility that the internal labeled Cy3 could inhibit protein translocation was ruled out by studying the same substrate in which Cy3 was attached at the 5′-teminal of the ssDNA tail (Supplementary Figure S3).

One may query the above phenomenon in comparing with the previous smFRET studies in which Pif1p was observed to repeatedly unwind G4 DNA as monomer, but without waiting time ([@B27]). In fact, this discrepancy comes from the different experimental condition used. In our previous study, the repetitive unfolding/folding of G4 phenomenon was observed with lower protein and ATP concentrations (5 nM and 25 μM, respectively). In the present study, according to our experimentally determined condition, higher concentrations of protein (80 nM) and ATP (2 mM) were used to study G4-stimulated duplex DNA unwinding. Higher ATP concentration stabilize Pif1p binding on the substrate ([@B27]) and the unfolded G4 kept in such linear status should be coated by high protein concentration Pif1p, impeding G4 refolding.

To probe whether the stimulating effect was only associated with three-layered G4, a substrate s~26~4-G4d~17~ which contains a four-layered G4 was studied. Supplementary Figure S4A shows the FRET trace recorded with this new substrate, and the waiting time distribution also follows an exponential decay with a time constant of 11.0 s (Supplementary Figure S4B), indicating that the acceleration of waiting process is not restricted with a specific G4 structure.

To rule out the possibility that any G4-unfolding helicase can display the waiting time phenomenon with G4/ds substrate structure, we measured BLM^642-1290^-mediated G4/dsDNA unwinding and found that G4/ds was unwound continuously without any visible waiting step (Supplementary Figure S4C), indicating that G4-stimulated duplex DNA unwinding by reducing the waiting time is an intrinsic property of Pif1p rather than G4/ds substrate caused artifact. Overall, these results provide a mechanistic insight into how G4 structure stimulates its downstream duplex DNA unwinding: the G4 structure greatly reduces the waiting time that is otherwise a definite rate-limiting step for duplex DNA unwinding.

High Pif1p concentrations reduce the waiting time through accelerating protein dimerization {#SEC3-3}
-------------------------------------------------------------------------------------------

To determine whether G4-induced reduction in waiting time was influenced by protein concentration, we firstly determined the unwinding fraction by counting the decrease number of Cy5 spots over time with Pif1p concentration ranging from 8 to 200 nM ([@B28]). The unwinding fractions increase as the protein concentration increasing (Figure [2A](#F2){ref-type="fig"}). In consistent with the above results, the unwinding rate at each protein concentration, determined by fitting the unwinding kinetic curves with single exponential equation, increases with increasing protein concentrations (Figure [2B](#F2){ref-type="fig"}, circle). More importantly, the determined waiting time from smFRET traces is decreased as Pif1p concentration increased, and becomes as low as 4 s at 200 nM Pif1p (Figure [2B](#F2){ref-type="fig"}). Altogether, the fact that the striking anti-correlation between waiting time and unwinding rate as a function of protein concentration indicates that higher protein concentration resulted in oligomerization which reduces significantly the waiting time and enhances the unwinding amplitude and unwinding rate.

![Pif1p concentration influences the waiting time before duplex DNA unwinding. (**A**) Fractions of remaining s~26~G4d~17~ molecules on coverslip versus time after addition of 2 mM ATP and different concentrations of Pif1p. (**B**) The average waiting time for s~26~G4d~17~ unwinding decreases significantly with increasing Pif1p concentration, while the unwinding rate obtained from single exponential fitting of curves in (A) increases with increasing Pif1p concentration. (**C**) DNA binding curve determined with fluorescence anisotropy assay using 5 nM FAM-T~12~ or FAM-GR~12~ and increasing Pif1p concentration under equilibrium conditions. The titration curves were fitted by the Hill equation *y* = \[Pif1p\]*^n^*/(*K*~D~*^n^*+ \[Pif1p\]*^n^*) with *K*~D~ of 25.2 nM, Hill coefficient of 1.97 ± 0.08 for FAM-T~12~ and *K*~D~ of 8.7 nM, Hill coefficient of 2.20 ± 0.27 for FAM-GR~12~, *y* represents the binding fraction. (**D**) Stopped-flow kinetic time-courses for Pif1p binding to a FAM-T~12~. The final concentration of FAM-labeled DNA was 40 nM and that of Pif1p was from 40 to 200 nM. Fluorescence signal was recorded upon addition of Pif1p. The initial binding time course was fitted to a double-exponential process: *y* = *y*~0~ − *A*~1~exp(−*t/t~1~*) − *A*~2~exp(−*t/t~2~*), where *t* represents the time, *y* represents the fluorescence anisotropy and *y*~0~ is a constant. The two binding time constants *t~1~* and *t~2~* are shown in (**E**) and (**F**). Lines in (F) are the simple connections of the individual data points.](gkw669fig2){#F2}

The above observations lead us to think that the so called 'waiting time' may be in fact related to the time needed for Pif1p to assemble into an oligomer that is required for the duplex DNA unwinding. To determine the nature of the oligomer, we further investigated the DNA binding properties of Pif1p under equilibrium conditions at a series of Pif1p concentrations by fluorescence anisotropy measurements. The binding of Pif1p with 12-nt ssDNA FAM-T~12~ exhibited a sigmoid curve pattern which was best fitted by the Hill equation with a Hill coefficient of 1.97 and an equilibrium dissociation constant *K*~D~ of 25.2 nM (Figure [2C](#F2){ref-type="fig"}). Because the ssDNA is too short to accommodate two independent monomers side by side ([@B37]), this result suggests that ssDNA binding may induce dimerization of Pif1p, being consistent with the previous observations ([@B37]).

Since the binding kinetics may help to clarify the nature of dimer formation in more detail, we then studied the Pif1p binding kinetic of FAM-T~12~ with increasing protein concentration. The binding processes can be best fitted by a two-step kinetic model (Figure [2D](#F2){ref-type="fig"}), suggesting that Pif1p successively binds to DNA first as a monomer, and then forms a dimer. We assigned the first step to the binding of the first monomer to the ssDNA with binding time constant *t*~1~, and the second step to binding of the second monomer with binding time constant *t*~2~. While *t*~1~ keeps almost constant (*t*~1~ = 0.24 s, Figure [2E](#F2){ref-type="fig"}), *t*~2~ decreases from 22 to 5 s as the protein concentration increases from 40 to 200 nM (Figure [2F](#F2){ref-type="fig"}). These results can be interpreted as that the ssDNA was quickly coated with monomeric Pif1p and the higher protein concentration enhances the dimer formation. Interestingly, there is a correlation between the increase in dimer formation rate (decrease in *t*~2~) and reduction in the waiting time (compare Figure [2B](#F2){ref-type="fig"} with F). Thus, higher protein concentration accelerates protein dimerization and reduces the waiting time, and consequently initiates duplex DNA unwinding.

G4 stimulating effect is stronger with the substrates mimicking DNA replication forks {#SEC3-4}
-------------------------------------------------------------------------------------

Growing evidence indicates that G4 structures indeed form in cell ([@B5]), probably in DNA replication origin foci and replication forks area where G4 exists at one side of forked ss/ds DNA junction. To further study G4 stimulation effect under the conditions which may be relevant biological context, we modified s~26~G4d~17~ substrate by adding a 10-nt at 3′ end of ss/dsDNA junction (s~26~G4d~17~-fork).

Similarly as before, the traces of these smFRET display the previously observed waiting time characters (Figure [3A](#F3){ref-type="fig"}). However, the waiting time was significantly reduced from 12.3 to 3.5 s due to the addition of the 10-nt 3′ end in the s~26~G4d~17~-fork substrate (Figure [3B](#F3){ref-type="fig"}). Meanwhile, the kinetic of unwinding of each substrate was determined under the same experimental conditions (Figure [3C](#F3){ref-type="fig"}). From the results shown in Figure [3B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}, it can be seen that the presence of G4 structure at forked duplex DNA greatly enhanced the duplex unwinding efficiency, which is correlated with the reduction of waiting time. We also determined the waiting time with a forked duplex DNA (s~47~d~17~-fork) under the same experimental condition. The obtained value (14.5 s) is much longer than the 3.5 s for s~26~G4d~17~-fork, further confirming the stimulation effect of G4. Altogether, the above results indicate that G4 displays maximal stimulating effects for duplex DNA unwinding in the context of the substrates with structures resembling DNA replication forks.

![G4 stimulating effect is stronger in the presence of a fork structure. (**A**) Representative fluorescence emission and FRET traces for s~26~G4d~17~-fork unwinding at 80 nM Pif1p and 2 mM ATP. (**B**) For s~26~G4d~17~-fork and s~26~G4d~17~, the waiting time distributions follow a single-exponential decay with different time constants. The distribution for s~26~G4d~17~ is replotted from Figure [1E](#F1){ref-type="fig"}. The Pif1p and ATP concentrations are 80 nM and 2 mM, respectively. (**C**) Fractions of remaining molecules on the coverslip decrease with time after addition of 80 nM Pif1p and 2 mM ATP. The unwinding rates for s~26~G4d~17~-fork and s~26~G4d~17~ are 0.167 s^−1^ and 0.057 s^−1^ by single-exponential fitting.](gkw669fig3){#F3}

G-rich sequence stimulates Pif1p-catalyzed duplex DNA unwinding {#SEC3-5}
---------------------------------------------------------------

We noted that after quickly unfolding, G4 remains in unfolded state, as judged from the smFRET value at ∼0.4 (Figure [1E](#F1){ref-type="fig"}). Therefore, during the so called 'waiting time', Pif1p is in fact kept in G-rich linear state. Thus we were wondering whether G-rich sequence alone stimulates duplex DNA unwinding and is enough to induce Pif1p dimerization and enhance the duplex DNA unwinding.

To address this question we prepared an s~26~G4d~17~ substrate derivative, substrate GR~47~d~17~ that contains, instead of a G4 motif, a G-rich sequence which cannot fold into G4 structure as confirmed by CD spectra (Supplementary Figure S5A). We studied the Pif1p-catalyzed duplex unwinding with this new substrate together with s~26~G4d~17~. The fraction of DNA unwound was determined by counting the fluorescent spots as before and the unwinding rate was obtained from a single-exponential fitting of the data (Figure [4A](#F4){ref-type="fig"}). The results show that Pif1p unwinds both s~26~G4d~17~ and GR~47~d~17~ almost in the same efficiency, as judged from unwinding fractions in two minutes (both are ∼ 94%) and unwinding rates (0.057 s^−1^ and 0.054 s^−1^). This finding suggests that G-rich sequence can stimulate duplex DNA unwinding even without the G4 structure.

![Effects of G-rich sequence on Pif1p binding and unwinding of downstream duplex DNA. (**A**) Fractions of remaining DNA molecules on coverslip decrease with time after addition of 80 nM Pif1p and 2 mM ATP. The unwinding rates for s~26~G4d~17~, s~26~G4d~17~ (Li^+^), GR~47~d~17~ and s~47~d~17~ are 0.057 s^−1^, 0.054 s^−1^, 0.054 s^−1^ and 0.036 s^−1^ by single-exponential fittings. (**B**) The average waiting times for the unwinding of s~47~d~17~, GR~47~d~17~, s~26~G4d~17~ and s~26~G4d~17~ (Li^+^) decrease with increasing Pif1p concentration. (**C** and **D**) The dwell time *t*~on~ for Pif1p to remain bound to ss/dsDNA with a random sequence or G-rich sequence overhang, and the time interval of two successive binding at protein concentration from 1--8 nM. *t*~on~ and *t*~off~ were obtained from single-molecule fluorescence traces in Supplementary Figure S6. Lines in (**D**) are the simple connections of the individual data points.](gkw669fig4){#F4}

To further confirm the stimulation effect of G-rich sequence without G4 structure, we performed unwinding reactions with its cognate DNA substrate s~26~G4d~17~ prepared in the presence of LiCl (s~26~G4d~17~ (Li^+^)), which does not support G4 formation even with the existence of 10 mM Mg^2+^ ([@B27]), as confirmed by CD (Supplementary Figure S5B). The unwinding reactions were carried out with the buffer containing 50 mM LiCl and 2 mM MgCl~2~. The results shown in Figure [4A](#F4){ref-type="fig"} indicate that Pif1p-catalyzed DNA unwinding of s~26~G4d~17~ (Li^+^) is similarly as with substrates s~26~G4d~17~ (Na^+^) and GR~47~d~17~.

We then further analyzed smFRET traces recorded with the above substrates and determined the corresponding waiting times. A comparison of the waiting times deduced from GR~47~d~17~, s~26~G4d~17~ and s~26~G4d~17~ (Li^+^) indicates that they are almost identical at each protein concentration, but significantly smaller than that for the s~47~d~17~ substrate (Figure [4B](#F4){ref-type="fig"}). This observation suggests that G-rich sequence indeed can stimulate duplex DNA unwinding by reducing the waiting time even without forming G4 structure. Taken together, the above findings clearly suggest that like the G4 DNA structure, the G-rich sequence has the activator role on the duplex DNA unwinding activity of Pif1p.

To clarify the mechanism by which G-rich sequence could stimulate downstream duplex DNA unwinding, we performed three additional experiments: (i) titration of DNA binding with the G-rich DNA (FAM-GR~12~, Figure [2C](#F2){ref-type="fig"}). Similarly to the above determined titration curve obtained with FAM-T~12~, the binding isotherm can be best fitted by the Hill equation with a Hill coefficient of 2.20, but with *K*~D~ value (8.70 nM) which is smaller than that determined with FAM-T~12~ (25.2 nM), indicating that Pif1p binds tightly to G-rich sequence and induces a dimer formation. (ii) Characterizing the binding properties of Pif1p toward both substrates s~26~d~17~ (random ssDNA at 5′ end) and GR~26~d~17~ (G-rich ssDNA at 5′ end) under the same experimental conditions by single-molecule protein-induced fluorescence enhancement (PIFE, Supplementary Figures S6 and 7) ([@B38]). When Cy3 was labeled at the junction of the partial duplex DNA instead of the 5′ end, we observed that, at lower protein concentrations, Cy5 intensity jumped randomly between two levels, while the Cy3 intensity remained constant (Supplementary Figure S7), suggesting the repetitive association with and dissociation from the DNA substrate of Pif1p without duplex unwinding. The association and dissociation kinetics between Pif1p and the both substrates were determined by recording a series of fluorescence emission trajectories at protein concentration from 1--8 nM (Supplementary Figure S6). We defined two parameters, the dwell time *t*~on~ for the helicase to remain bound to the DNA substrate, and the time interval *t*~off~ between two successive binding events (Supplementary Figure S6A). Typical distribution of *t*~on~ and *t*~off~ are given in Supplementary Figure S6B, C, E and F. *t*~on~ values are independent of protein concentrations, and that obtained with GR~26~d~17~ is ∼ 1.5 times higher than s~26~d~17~ (6.14 versus 4.18 s, Figure [4C](#F4){ref-type="fig"}). *t*~off~ decreased as protein concentration increased, however *t*~off~ values of s~26~d~17~ are systematically higher than GR~26~d~17~ (Figure [4D](#F4){ref-type="fig"}). As expected for binary reaction, *k*~off~ (1/*t*~on~) is independent of Pif1p concentration while *k*~on~ (1/*t*~off~) has a linear dependence on it (Supplementary Figure S6D and G) ([@B38]). These results altogether indicate that Pif1p binds GR~26~d~17~ more readily and tightly than s~26~d~17~. (iii) Finally, we measured the binding kinetics of Pif1p with fluorescent-labeled 12-nt G-rich sequence (FAM-GR~12~) with a bulk anisotropy assay ([@B33],[@B34]) as we performed above. Similarly, the binding processes can be best fitted by a two-step kinetic model (Supplementary Figure S8), as we found for FAM-T~12~. The t~1~ value for FAM-T~12~ is 6-fold higher than that for FAM-GR~12~ (0.24 versus to 0.04), indicating that binding rates of the first monomer with the G-rich sequence are 6 folds higher than that with the poly-T (Figure [2E](#F2){ref-type="fig"}). Interestingly, the binding constant *t*~2~ (represent for dimer formation rate) is systematically higher than for FAM-GR~12~ (Figure [2F](#F2){ref-type="fig"}). The differences between them are 20- and 3-folds at protein concentration 40 and 200 nM, respectively, indicating that Pif1p forms an active dimer on FAM-GR~12~ at least 20 times rapidly than on FAM-T~12~ at lower protein concentration.

Altogether, these results revealed the molecular mechanism by which G4/G-rich sequence stimulate duplex DNA unwinding: Pif1p binds more rapidly and quickly to form a stable dimer with G-rich sequence than with poly-T, thus reducing the waiting time and enhancing the duplex DNA unwinding.

DISCUSSION {#SEC4}
==========

The mechanisms of Pif1p-mediated G4 DNA unfolding have been investigated previously by two smFRET studies, and both studies revealed Pif1p monomers to be a poor helicase to unwind duplex DNA ([@B27],[@B28]). Interestingly, we have recently found that the duplex DNA unwinding activity could be significantly stimulated by the presence of G4 DNA upstream of the duplex DNA. Here, we used smFRET method to characterize Pif1p-catalyzed duplex unwinding with different substrates containing G4/G-rich at ss/dsDNA junctions, which Pif1p may encounter in the biological context. The present work provides a comprehensive assessment of G4-stimulated duplex DNA unwinding at the single-molecule level.

The existence of a 'waiting time' between G4 and duplex DNA unwinding revealed that Pif1p used different mechanisms to unwind G4 and duplex DNA, respectively {#SEC4-1}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

We have previously found that the presence of G4 structure may greatly stimulate the Pif1p helicase to unwind duplex DNA in our stopped-flow study, and proposed that this stimulation results from G4-enhanced Pif1p dimerization ([@B29]). However, the underlying mechanism by which Pif1p sequentially unwind G4/duplex DNA was still obscure. In the current study, we took the advantage of smFRET to directly visualize the molecular detail of G4-stimulated duplex DNA unwinding. In particular, the covalently linked G4/duplex DNA which mimic the physiological substrate allows us to compare side by side the helicase activities of Pif1p with G4 and duplex DNA. The most striking feature is that Pif1p unfolds rapidly G4 DNA, but it does not successively perform the immediate unwinding of the downstream duplex DNA. Instead, Pif1p dwells at the ss/dsDNA junction with a waiting time. The fact that G4 DNA could greatly reduce the waiting time suggests that Pif1p unwinds G4 and duplex DNA through different mechanisms. Indeed, we and others have shown that Pif1p repetitively unfolds G4 as a monomer ([@B27],[@B28]), while dimerization might be required for duplex DNA unwinding as evidenced by: (i) analytical sedimentation velocity analysis shows that binding to ssDNA induces Pif1p dimerization, and formation of dimer prevents an additional oligomerization ([@B37]); (ii) our recent stopped-flow study suggests Pif1p unwinds duplex DNA as a dimer, which is characterized by both equilibrium DNA binding assay and dynamic light scattering measurement ([@B29]). Importantly and interestingly, we captured snapshots of the toggling of Pif1p during the transition from a state for G4 unfolding to that for duplex unwinding, which is characterized by a waiting time. This feature appears unique for Pif1p family helicase, since Bloom syndrome protein (BLM) ([@B39]), Werner and *Escherichia coli* RecQ do not exhibit such properties (unpublished observation).

The mechanism of G4-stimulated duplex DNA unwinding {#SEC4-2}
---------------------------------------------------

Two possible scenarios may be envisioned to explain the G4-induced duplex DNA unwinding phenomenon: (i) the special topology of G4 may convert the monomeric Pif1p from an inactive to an active conformation for unwinding duplex DNA; (ii) G4 induces an oligomerization of Pif1p, which is required for efficient duplex DNA unwinding. As our previous bulk assay ([@B29]), the present study also supports the latter scenario. In addition, we further verified the link between Pif1p dimerization and efficient duplex DNA unwinding by that: (i) binding between Pif1p and DNA under equilibrium conditions exhibited a sigmoid curve pattern which was fitted with a Hill coefficient ∼2, suggesting that ssDNA binding may induce dimerization of Pif1p (Figure [2C](#F2){ref-type="fig"}); (ii) the binding kinetics between Pif1p and ssDNA exhibit two steps, assigned to Pif1p binding to DNA and Pif1p dimerization, respectively (Figure [2D](#F2){ref-type="fig"} and Supplementary Figure S8); (iii) the waiting time before duplex unwinding exhibits a single-exponential decay (Figures [1C](#F1){ref-type="fig"}, [F](#F1){ref-type="fig"} and [3B](#F3){ref-type="fig"}). As the distribution of duration time can provide information about the number of intermediates or rate limiting steps, even those steps cannot be observed directly ([@B40]), the single-exponential decay suggests that there is only one rate-limiting step, which might be an assembly-state adjustment for Pif1p before unwinding the duplex DNA. Therefore, we propose that the stimulation of duplex DNA unwinding by G4 should result from enhanced helicase dimerization.

More importantly, smFRET studies not only further confirm our previously proposed G4-induced dimerization, but also reveal the origin of G4-stimulated duplex DNA unwinding that is otherwise impossible to explore in our previous bulk assay. As the G4 structure is rapidly disrupted upon Pif1p addition (Figure [1E](#F1){ref-type="fig"}) and the unfolded G-rich ssDNA is then always occupied by Pif1p during the following waiting step, the G4 sequence cannot refold back to a folded structure as revealed by the recorded smFRET trajectories (Figure [1E](#F1){ref-type="fig"}). Therefore, we may deduce that it should be the G-rich sequence rather than the G4 structure that is responsible for reducing the waiting time, and consequently stimulating the duplex DNA unwinding. This inference is further verified by the observations that a G-rich sequence which cannot fold into a higher order structure can also stimulate duplex DNA unwinding, and in a Li^+^ buffer in which G4 cannot be formed, the stimulation effect still exists for the DNA substrate with a G4 motif (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}).

Previous studies have shown that Pif1p binds to telomeric or other G-rich DNA with a much higher affinity compared to random sequence DNA ([@B23],[@B41]). Our current study reveals that G4 motif or G-rich sequence may enhance Pif1p-catalyzed duplex unwinding. In addition, we further revealed the mechanism behind the stimulation effects of G-rich DNA. From binding kinetics study, equilibrium binding measurements and single-molecule PIFE study, we confirmed that Pif1p has a much higher binding affinity for G-rich sequence than for other random sequences, therefore G-rich sequence enhances the protein dimerization process.

Potential significances of G4/G-rich stimulated duplex DNA unwinding *in vivo* {#SEC4-3}
------------------------------------------------------------------------------

Many studies from different laboratories with different approaches have revealed that Pif1p unwinds duplex DNA with very low activity (Supplementary Table S2). This intrinsic biochemical property of Pif1p appears to be inconsistent with its diverse cellular functions in telomere lengthening, processing Okazaki fragments, promoting break-induced replication and suppressing DNA damages at G4 sites ([@B25],[@B26],[@B42],[@B43]). Our discoveries in the previous ([@B29]) and present work provide hints for understanding how Pif1p achieves its biological functions by means of G4/G-rich stimulating duplex DNA unwinding. In model systems such as *S. cerevisiae*, while most cells use telomerases to elongate telomeres, some cells use recombination-dependent DNA replication mechanism for maintenance of eroding telomeres, known as alternative lengthening of telomeres (ALT) pathway ([@B44]). It is well documented that Pif1p plays an important role in ALT ([@B43],[@B45],[@B46]). In this process, the 3′-G-rich single-strand tail invades an intact donor molecule and results in a structure known as D-loop where the invading strand is replicated ([@B44],[@B45]). Pif1p protein plays two essential roles during the bubble migration (Supplementary Figure S9): (i) Pif1p in combination with Polδ, participates in template strand separation to promote DNA synthesis; and (ii) Pif1p displaces the newly synthesized strand from template by unwinding duplex DNA ([@B42]). The two processes must be coordinated in the sense that the long duplex DNA formed between the template and the newly synthesized DNA will be rapidly accumulated if Pif1p cannot efficiently unwind the newly synthesized strand. In this regard and according to our findings, the G-rich telomere sequence will confer Pif1p a high unwinding activity to enhance the bubble migration and telomere elongation, otherwise, the telomere replication will fail. Due to the space limitation, we will not discuss how Pif1p participates in other biological processes by G4/G-rich stimulating duplex DNA unwinding in great detail. Providing *in vivo* evidences to support our *in vitro* findings is a current undertaking project.
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